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The performance of a multi-channel seismometer sys-
tem with phase-shifted optical interferometry was im-
proved by newly introduced sensors and a process-
ing unit. The current version of the system consists
of three optical wired seismometers and the unit. We
deployed the system at Sakurajima Volcano and suc-
cessfully operated it from June to December 2019. As
the Sakurajima Volcano frequently erupts, a number
of eruption events were observed during the observa-
tion period, as were a number of lightning strikes. In
this study, we evaluated the observation performance
of the volcanic earthquake and the noise caused by
the lightning, using the spectrum and amplitude of the
waveform. The results show that this sensor can ob-
serve earthquakes caused by eruptions as well as or-
dinary seismometers do. When the lightning struck,
pulsed noise with power in a wide frequency band was
observed in the existing seismometer, but not in the
new sensor. Therefore, the observation was not af-
fected by lightning. In addition, this system was found
to be effective in the array analysis of volcanic earth-
quakes.

Keywords: seismic observation, optical interferometry,
volcano observatory, eruption, lightning

1. Introduction

Because of the high density of human population and
economic activity in Japan, permanent seismic observa-
tions have been carried out by installing borehole stations
to ensure a sufficiently high signal-to-noise (S/N) ratio
when observing micro-earthquakes [1–4]. This effort has
also been made for volcanoes. Borehole seismometers
at depths of several hundred meters have been installed
at major active volcanoes in Japan, and continuous ob-
servations have been carried out [5], in which electric-
ity is supplied from the ground to the subsurface sensor,

the voltage output from the subsurface sensor is received
on the ground, and digital-to-analog conversion is per-
formed. Borehole seismic observations are thus affected
by lightning because the electric wire is drawn from the
ground to the subsurface sensor, and in some cases, the
sensor may be damaged by lightning. In the case of fail-
ure of a borehole sensor, it is necessary to replace the
sensor; however, this is expensive and time consuming.
Moreover, seismometers are installed on the surface of the
ground around the volcanic crater; however, they are often
damaged by lightning due to the high altitude and lack of
obstructions. Therefore, the construction of an observa-
tion system that is not affected by lightning because there
are no electric or electronic parts of the sensors is desir-
able for observations with a stable high S/N ratio in the
volcano.

A distributed acoustic sensing (DAS) system is a seis-
mic observation system that uses optical fibers as a seis-
mic sensor and does not have electrical and electronic
components in the sensor [6]. In recent years, DASs
have been applied in geophysical and volcanological re-
searches [7]. DAS measures the back-scattering of a
laser beam irradiated in the optical fiber and observes
the strain in the extension direction of the optical fiber.
DAS can conduct high-density seismic observations at lo-
cations where an optical fiber is installed; however, it can-
not measure 3D displacement or acceleration at those lo-
cations. In addition, because the dynamic range is nar-
row, approximately 60 dB, the S/N ratio is not sufficiently
high. Therefore, it is necessary to improve the S/N ra-
tio by stacking seismic data from source locations that are
close to each other.

Recently, a seismic observation system using optical in-
terferometry has been developed [8,9]. Similar to a DAS,
this system uses an optical fiber. However, optical fibers
are used not as seismic sensors but as signal communi-
cation channels. The seismic sensor consists of only an
optical fiber and mechanical parts and does not require a
power supply, and the dynamic range of the seismic sen-
sor is as large as 120 dB [8, 9]. In principle, many sen-
sors can be connected to a single pair of optical fibers
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Table 1. Specifications of the newly developed and JOGMEC Phase 1 systems.

System
Fiber Sensor

Type Components Frequency
range [Hz]

Dynamic
range [dB]

Measurement
range [G]

Natural
frequency [Hz]

Damping
factor Size [cm] Weight

[kg]

This study
Single-mode

(general
purpose)

3 0.1–20 130 ±1.2 23.1 0.68 12 × 15 × 9 3

JOGMEC
Phase 1

Polarization
maintaining 3 0.1–50 120 ±4.0 52.2 0.60 20 × 20 × 20 7

so that a multi-channel system can be constructed for a
seismic array. The maximum number of channels is 33
for the current optical interferometry sensor system under
reasonable conditions. An optical interferometry sensor
system was used to observe the Asama and Sakurajima
volcanoes in Japan, and it was confirmed that volcanic
earthquakes and tremors could be observed without being
inferior to existing seismometers [10]. However, owing to
the short duration of these observations, no evaluation of
long-term stability has been performed, and because the
observations were not conducted during a period that in-
cludes the typhoon and rainy seasons, the effects of light-
ning strikes were not assessed. In addition, the observa-
tion of earthquakes caused by volcanic eruptions was in-
sufficient owing to their short duration.

In the new system, the sensor part was downsized and
the natural frequency was changed to a lower frequency
than in the previous system [10]. This study compares
the newly developed optical interferometry sensor system
with the previous system and describes the observation of
Sakurajima Volcano using the new system for six months
from June 2019. We also describe the results of the anal-
ysis of volcanic earthquakes observed during the obser-
vation period, especially those associated with volcanic
eruptions, and the effect of lightning strikes on seismic
waveforms. During this period, many volcanic eruptions
occurred in Sakurajima, and sufficient data were obtained
to evaluate the observation performance of volcanic earth-
quakes and the impact of lightning strikes. The results of
the array analysis of earthquakes associated with volcanic
eruptions will be provided, as array observations can be
performed with the optical interferometry sensor system,
which has three separate seismometers forming a triangle.
Although this is a minimum configuration as a seismic ar-
ray, if sufficient accuracy can be obtained for the array
analysis by this configuration, the significance of carry-
ing out larger-scale array observations with many more
sensors in volcanoes becomes clear.

2. Newly Developed Phase-Shifted Optical
Interferometry System

As the principle and equipment of the optical interfer-
ometry sensor system have been explained in detail in
previous studies [8–10], the principle of vibration mea-
surement in the optical interferometry sensor system is

briefly described here. The optical interferometry sensor
system has a vibration sensor part (i.e., seismometer) that
consists of a spring, mass and damper adjustable for crit-
ical damping. When the housing of the sensor moves, the
weight inside behaves as a fixed point because of inertia,
and the relative displacement reflects ground motion. Op-
tical interferometry can measure displacement very pre-
cisely. In the optical interferometry method, the phase
difference between the reference light and measurement
light is obtained from the signal level of the interference
light when both lights interfere with each other. By de-
laying the measurement light appropriately, the interfer-
ing, reference, and measurement lights can be separated
and the phase difference can be determined with high pre-
cision by directly measuring the signals. The phase dif-
ference is proportional to the relative displacement of the
weight to the enclosure, and the displacement is propor-
tional to the acceleration of the forced vibration in a fre-
quency range lower than the natural frequency of the sen-
sor; therefore, the vibration sensor can be regarded as an
accelerometer.

Compared with the JOGMEC Phase 1 (JOG1) sys-
tem [10] used in the Asama and Sakurajima volcanoes,
the major improvements in this new optical interferom-
etry sensor system are the reduction in the size and
weight of the sensor part, lower natural frequency, and
change from a polarization-maintaining optical fiber to a
general-purpose optical fiber. The specifications of the
fiber and sensor parts of the new optical interferometry
sensor system and JOG1 system are listed in Table 1.
Note that the optical transceiver, receiver, and signal pro-
cessing units of the optical interferometry sensor system
were not changed. Therefore, an AC power supply is nec-
essary for the operation of the system. The maximum
power consumption is 500 W, which is the same as that
of the JOG1 system. The new compact and lightweight
design allows for greater flexibility in seismometer instal-
lation, and the lower natural frequency allows for greater
applicability to volcanic earthquake monitoring. How-
ever, the measurement amplitude range has been nar-
rowed from ±4.0 G for the JOG1 system to ±1.2 G for
this system (Table 1). However, the dynamic range was
improved by 10 dB compared to the JOG1 system ow-
ing to the low noise of the optical interferometry sensor
(Table 1). In addition, because a general-purpose optical
fiber is used in the new system, a vacant fiber in the ex-
isting optical fiber bundle can be used for seismic obser-
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(a) (b)

Fig. 1. (a) New 3-component sensor unit housing (left) and
the JOGMEC Phase 1 sensor unit housing (right). (b) The
new housing is supported at three points by adjustable feet
(white arrows), and the leveling can be adjusted with a water
leveler.

vation by the new system. For the same length of optical
fiber, the cost of a general-purpose fiber is one-thirtieth
that of a polarization-maintaining optical fiber, which was
used in the JOG1 system.

Figure 1 shows the new unit housing of the sensor and
sensor unit housing of the JOG1 system. Both have one
vertical component and two orthogonal horizontal compo-
nents in each housing unit. The new housing is supported
at three points by adjustable feet, and the leveling can be
adjusted using a water leveler, unlike the JOG1 sensor,
which does not have adjustable feet. The new sensor unit
is compact and lightweight. Its volume is 20% of the vol-
ume of the housing of the JOG1 system, and the weight,
including the seismometer, is 43% of the weight of the
JOG1 housing (Table 1).

3. Experiment at Sakurajima Volcano in 2019

We carried out a seismic observation experiment us-
ing an optical interferometry sensor system with three
3-component sensors at the Harutayama Observatory
(HAR), Kyoto University, from 16:00 (JST) on June 5,
2019, to 9:00 on December 5, 2019. The HAR is located
at Sakurajima Volcano, where volcanic eruptions occur
most frequently in Japan, and is situated approximately
2.7 km northwest of Minamidake, where the crater is lo-
cated (Fig. 2). The aims of the experiments were 1) to
evaluate the stability of the six-month operation, 2) to
show the basic specifications from the comparison with
the conventional seismometer, 3) to show the array anal-
ysis of volcanic earthquakes to certify that multi-sensor
connections work normally for a seismic array even when
using a single pair of optical fibers, and 4) to demon-
strate effectiveness in preventing signal noise by lighten-
ing. The results of the experiments corresponding to aims
1), 2), 3), and 4) are presented in Sections 4, 5.1, 5.2,
and 6, respectively.

The layout of the sensor parts, the route of the opti-
cal fiber, and the layout of the optical transmitter and re-
ceiver devices of the optical interferometry sensor system
are shown in Fig. 3. We installed an optical transmitter
and receiver device, which was attached to a signal pro-
cessing unit indoors at the HAR, and extended a pair of

130˚35'E 130˚40'E 130˚45'E

31˚30'N

31˚35'N

31˚40'N

130˚E 140˚E

30˚N

40˚N

HAR

Sakurajima

2 km

Sakurajima

Fig. 2. Sakurajima Volcano and the location of the opti-
cal interferometry sensor system (black circle indicates the
Harutayama Observatory, HAR). The red triangle shows the
center of the volcanic eruption at Minamidake Crater.

general-purpose optical fibers from there to connect three
sensor parts in series. We refer to the sensor parts as
Opt. A, Opt. B, and Opt. C, respectively, in the order of
the connections between the optical transmitter and re-
ceiver devices. A conventional accelerometer (Hakusan
Co., JU210) was installed beside Opt. A for comparison.
All three sensors were installed on the ground or on the
concrete surface of the ground floor of the building. The
sensor parts were placed on the vertices of a triangular
shape with sides approximately 40 m to 70 m in length,
forming a seismometer array. The horizontal component
of the sensor was directed in the N- or E-direction. The
positions of the sensor parts Opt. A and Opt. B were es-
timated from the layouts of the buildings and their rela-
tive positions within the buildings (Fig. 3). Position of
the sensor part Opt. C was estimated from the layout of
the GNSS antenna stand and its relative position (Fig. 3).
The precision of the positions was approximately 0.5 m.

We describe the volcanic activity in Sakurajima dur-
ing the period when seismic observations using the opti-
cal interferometry sensor system were carried out. Fig. 4
shows the ground deformation and the amount of volcanic
ash at Sakurajima from 2007 to 2019. The ground de-
formation recorded by the extensometers installed in the
subsurface observation tunnel located directly below the
HAR is shown with two components. The observation pe-
riod of the optical interferometry sensor system is the pe-
riod when the trend changes from contraction to extension
in the extensometer record. The amount of volcanic ash
from Sakurajima was calculated for each month using the
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Fig. 3. Layout of the optical interferometry sensor system deployed in the HAR site of Sakurajima Volcano. The light blue line
shows the locations where the optical cables are laid.
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Fig. 4. Volcano ash mass, ground deformation, and observation period from 2007 to 2019 at Sakurajima. Red and blue lines show
the records of the extensometer at the observation point HAR. The gray bar shows the volcano ash volume per month. The green
frame shows the observation period of the optical interferometry sensor system.

weight of volcanic ash per unit surface area, which was
measured by the Kagoshima Prefectural Government at
approximately 60 locations in the prefecture [11,12]. The
annual number of volcanic eruptions in 2019 was 393,
and the number of volcanic eruptions during the observa-
tion period using the optical interferometry sensor system
was 260 [13], which means that the seismic observation
was carried out at a time when there were relatively many
volcanic eruptions.

4. Stability of Data Acquisition and Seismic
Waveform

The data were recorded continuously at 200 Hz and
1 kHz in WIN format from 16:00 (JST) on June 5, 2019,
to 9:00 on December 5, 2019. In the following analy-
sis, only the 200 Hz sampling data were used. To eval-
uate the stability of the operation of the system and the
effect of natural factors on data recording, we calculated
and displayed the number of data files per hour (hourly
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Fig. 5. Acquisition of seismic waveform data by the opti-
cal sensor system. Waveform data are recorded into one file
per minute, and the hourly data completeness index shows
the number of files that are present per hour. This indicates
that index value data are present without disruption for every
hour.

data completeness index) during the continuous record-
ing period (Fig. 5). With the exception of approximately
two days in late September 2019, all nine components
were observed without missing measurements with an in-
dex of 60 consistently from the beginning to the end of
recording. Missing measurements occurred from 20:00
(JST) on September 22 to 14:00 on September 24. During
this period, several power outages occurred at the HAR,
where the system was installed. Because of damage to
the power transmission equipment in Sakurajima caused
by Typhoon No.17. Power failure occurred several times
during this period, and the optical interferometry sensor
system repeatedly lost and regained its power. The system
was equipped with an uninterruptible power supply (UPS)
designed to supply power to the system for 10 minutes
for uninterruptible operation. The system is set to shut
down automatically during the power outage and reboot
automatically soon after the power recovers. However,
in reality, the power supply can be interrupted. Finally,
the system was restored to operational status at 14:00 on
September 24 by an operator who had remotely accessed
the system.

Next, we describe the absence of data during the period
when digital data were being obtained. Data absence oc-
curs in two cases: software and hardware problems. The
software problem occurred on June 23, 2019, after the
start of the observation on June 4, 2019. In this case, spiky
noise was generated periodically at the end of each sec-
ond, thereby contaminating the observed data. The spiky
noise had an impulsive waveform; however, because it

was generated periodically at the end of each second, the
noise spectrum had a peak at 1 Hz. This spiky noise is
generated by delay correction of the filter process during
signal processing. By modifying the filter-processing pro-
gram on June 23, 2019, the spiky noise disappeared. The
hardware problem was found on June 17, 2019, when the
signal intensity of the received optical interference was
greatly reduced. Therefore, the S/N ratio decreased as
the signal intensity decreased. On June 27, 2019, this de-
crease in the signal intensity of the received optical inter-
ference was found to be caused by an abnormal decrease
in the gain of the optical amplifier on the optical receiver
side, and was addressed by replacing the optical amplifier.

Next, to observe the stability of the observed wave-
forms, we present an overview of the changes in the seis-
mic amplitude during the entire observation period. Con-
tinuous waveform data from Opt. A, Opt. B, and Opt. C of
the optical interferometry sensor system and accelerome-
ter JU210 were bandpass-filtered from 0.5 Hz to 20 Hz in
order to reduce noise with high and low frequency bands,
and resampled at a sampling frequency of 5 Hz. A Hilbert
transformation was applied to create envelope waveforms.
Finally, the envelope waveforms of the vertical compo-
nent were resampled at a sampling frequency of 1 Hz to
reduce file size, as shown in Fig. 6. After the start of the
observation at 16:00 on June 5, 2019, the amplitude was
large, especially on June 6 and 7, which was caused by
the increase in amplitude of the spike-like noise, as men-
tioned above. There was also a time period from June 25
to June 27 with a large amplitude due to the work to solve
the hardware problem described previously. The miss-
ing data period from September 22 to September 24 and
the timing of the volcanic eruptions during the observa-
tion period are also shown in Fig. 6. The waveforms of
Opt. A of the optical interferometry sensor system and ac-
celerometer JU210 were compared, and it can be seen that
they were almost identical except for the data anomaly
mentioned above. Comparing Opt. A, Opt. B, and Opt. C,
the amplitudes of the three were similar except for the pe-
riod when the noises, as mentioned above, occurred, and
the amplitudes became larger in response to the volcanic
eruptions. However, there were timings when volcanic
eruptions occurred, but the amplitude was not large, and
when no volcanic eruption occurred but the amplitude was
large, corresponding to short-lived volcanic eruptions and
earthquakes unrelated to volcanic eruptions, respectively.
To summarize the above descriptions, observation by the
optical interferometry sensor system was generally per-
formed stably during the observation period, excluding
problems such as noise and missing data.

5. Results of Analysis

5.1. Waveforms and Spectra of Eruption Events

As mentioned above, 260 earthquakes associated with
volcanic eruptions were observed. The sensor part
Opt. A of the optical interferometry sensor system and ac-
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celerometer JU210 were compared. A list of earthquakes
associated with volcanic eruptions used for comparison
is shown in Table 2. There were 18 events in Table 2,
of which the volcanic eruption at 17:24 (JST) on Novem-
ber 8, 2019, which had the highest eruption column dur-
ing the observation period, and the volcanic eruption at
17:33 on November 18, 2019, which had the largest infra-
sound amplitude during the observation period, are shown
in Figs. 7 and 8, respectively. Opt. A and JU210, installed
at site A (Fig. 3), are both accelerometers. By integrat-
ing the waveforms from Opt. A and JU210, the velocity
waveforms are obtained, as shown in typical seismograms
for volcanic earthquakes. For Opt. A and JU210, no cor-
rection of the seismometer frequency response was made
to the seismic records. A time window of 80 s was used
to extract the seismic waveform associated with volcanic
eruption to cover the whole seismogram from the P-wave
arrival to the coda wave, and the power spectral density of
the velocity was calculated by performing a fast Fourier
transform on the extracted waveform with Hamming win-
dow after removing an offset and a linear trend of the
waveform.

Figures 7 and 8 show seismograms of JU210 (blue)
and Opt. A (red) from top to bottom, and their spectra are
presented in the same colors. As shown in Figs. 7 and 8,
the waveforms and spectra are generally identical. How-
ever, the spectra show a difference in the low-frequency
range of 0.2 Hz to 0.5 Hz, and Opt. A often exhibits a

Table 2. List of eruptions.

Day time
yyyy-mm-ddThh:mm

Plume
height [m]

Air maximum
amplitude [Pa]

Figure
number

2019-07-24T13:09 1500 15.6 –
2019-09-17T09:27 1000 90.1 –
2019-09-18T10:47 2600 61.8 –
2019-10-12T06:36 1400 19.7 –
2019-10-13T17:28 700 25.4 –
2019-10-13T20:59 300 84.2 –
2019-10-29T09:35 1500 26.4 –
2019-10-30T09:07 1200 8.1 –
2019-11-03T01:46 1600 28.5 –
2019-11-07T02:36 2600 39.9 –
2019-11-08T17:24 5500 36.6 7
2019-11-12T20:20 3300 10.9 –
2019-11-17T05:28 1500 35.3 –
2019-11-17T13:51 2200 68.8 –
2019-11-18T17:33 1500 144.1 8
2019-11-23T00:42 1800 37.1 –
2019-11-28T21:30 2600 20.5 –
2019-12-02T06:22 1500 18.6 –

This list was extracted from the Kagoshima Meteorological Office [13].
The maximum amplitude of the infrasound waves associated with
eruptions was obtained from the maximum value between the stations
measured by the Kagoshima Meteorological Office.
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Fig. 7. Seismogram and corresponding power spectral density associated with volcanic eruption at 17:24 on November 6, 2019. The
frequency range of the spectral density displayed is 0.2–20 Hz. (a) Vertical component, (b) north-south component, and (c) east-west
component. The line color corresponds to the type of the seismometer: the blue line indicates the JU210 accelerometer and the red
line Opt. A of the optical interferometry sensor system.
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Fig. 8. Earthquake record and corresponding power spectral density associated with volcanic eruption at 17:33 on November 18,
2019. Graphical details are the same as in Fig. 7.

larger amplitude than JU210. We estimate that the larger
amplitude in the low-frequency range is due to the high
noise level caused by the temperature fluctuations and not
true seismic ground motion. The causes of noise in the
low-frequency range have not been quantitatively evalu-
ated; therefore, the causes of noise are described qual-
itatively. From previous observations [10], it is known
that noise in the low-frequency range exists regardless
of the environment in which the sensor is installed. It
has also been found that when the temperature at the lo-
cation where the optical transmitter and receiver devices
are installed suddenly changes, the amplitude of the noise
changes. Therefore, the temperature change in the optical
device may affect optical pulse interferometry. Because
the wavelength of the optical pulse fluctuates with the
temperature change, it is estimated that the cause of the
noise is a phase change due to the fluctuation of the wave-
length generated when the optical device interferes with
the light and the signal processing unit performs arith-

metic processing. Because the optical device has a func-
tion to stabilize the wavelength of the optical pulse and
the wavelength is continuously adjusted in time, the noise
in the acceleration output from the signal processing unit
is considered more remarkable in the low-frequency range
such as 0.2 Hz to 0.5 Hz than at higher frequencies.

5.2. Array Analysis of Eruption Events
As mentioned earlier, the sensor parts (seismometers)

of the optical interferometry sensor system are arranged at
the vertices of a triangular shape, forming a seismometer
array (Fig. 3), which enables the array analysis of seismic
waves. However, it is important to evaluate the accuracy
of the estimation of the arrival direction and slowness of
seismic waves for array analysis because our minimum
array configuration has only three sensor sites. Therefore,
we first evaluated the directional sensitivity and resolution
power of the array, as described by the beam-forming ar-
ray response at 2.5 Hz, which is the frequency with suffi-
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Fig. 9. Beam-forming array response at 2.5 Hz for east
and north components of the slowness from −0.84 s/km to
0.84 s/km.

cient seismic energies associated with volcanic eruptions
(Figs. 7 and 8). Fig. 9 shows that the side lobes in the
response are broadened in the north-south direction, indi-
cating that this array cannot constrain the slowness of the
waves in the north-south direction.

We used the semblance technique [14] to measure the
apparent slowness and back azimuth of the coherent wave
phases that crossed the array. We calculated the sem-
blance values for the selected array data at all the ap-
parent slowness and back-azimuth grid nodes. The po-
sition of the nodes with the maximum semblance value
provides an estimate of the apparent slowness and back
azimuth of the incoming wavefronts. Semblance analysis
of the vertical components of the seismograms was per-
formed. After filtering the waveform data at 2–3 Hz, the
semblance coefficient was calculated for a time window
of 1 s. We performed this analysis in which the time win-
dow started from the beginning of the selected waveform
of 80 s length, which includes the whole signal of a vol-
canic eruption (Figs. 7 and 8), and moved successively by
0.1 s until the end of the waveform. We adopted the time
shift length to reduce the necessary computation time and
obtain sufficient time resolution for the wave propagation
parameters. The range of apparent slowness was searched
from 0.01 s/km to 3.20 s/km in steps of 0.01 s/km, and
the range of back azimuth was searched from 0° to 355°
(measured clockwise from north) in 1° steps in this anal-
ysis.

Figure 10 shows an example of the array analysis re-
sults. The earthquake occurred at 17:33 (JST) on Novem-
ber 18, 2019, and was one of the earthquakes whose wave-
form and spectrum are shown in Fig. 8. Fig. 10 shows,
from top to bottom, the filtered waveform, the semblance
value slowness, and the back azimuth (opposite direction
of the traveling wave) for each analysis window. The
results for each time window are shown in the range of

0.0 s/km to 1.5 s/km for the slowness and 30° to 210°
for the back azimuth. The slowness maps for time win-
dows A, B, and C are shown in the vertical red belts at
the bottom of the figure. Time window A corresponds
to the first motion of the earthquake. In time window A
and the 10 time windows behind it, the semblance value
is 0.98, the slowness is 0.34 s/km, and the back azimuth
is distributed from 129° to 139° from north to east, which
is significantly shifted from the direction of the array to
the direction of Minamidake Crater in the counterclock-
wise direction. The slowness map for time window A
shows that the region with a semblance value of 0.9 or
higher is an ellipse with a longer axis in the north-south
direction. Therefore, we can conclude that the uncertainty
of the back azimuth is large. The fact that the spread in
the east-west direction is narrower than that in the north-
south direction is supported by the fact that the slowness
is stable at a constant value. The characteristics of this
semblance slowness map can be explained by the array
response shown in Fig. 9. In time window B, the slow-
ness was as small as 0.15 s/km, and the back azimuth was
47° from north to east. This wave does not come from
Minamidake Crater but is likely to be a reflected wave in
the crust coming from the subsurface of northern Sakura-
jima. However, as can be seen from the semblance slow-
ness map of time window B, it is difficult to estimate the
reflection point because the region with a semblance value
of 0.9 or higher extends from north to south. In time
window C, the slowness is 0.38 s/km and the back az-
imuth is 115°. Considering the distribution of semblance
values of 0.9 or more in the semblance slowness map in
time window C, the wave in time window C is a coherent
wave coming from the crater, and if time window A cor-
responds to the start of the first eruption, time window C
might correspond to the start of the second eruption.

Figure 11 shows the results of the array analysis of the
P-wave initial motion (corresponding to time window A in
Fig. 10) for earthquakes caused by 194 volcanic eruptions
that were observed with a sufficient S/N ratio among the
260 eruptions that occurred during the observation period.
The volcanic eruptions listed in Table 2 are among the
194 eruptions. Fig. 11(a) shows the frequency distribu-
tion of the back azimuth in a rose diagram, and Fig. 11(b)
shows the frequency distribution of slowness. The most
frequent back azimuth is in the range of 135° to 140°,
which is approximately 40% of the total number of vol-
canic eruptions. The most frequent slowness is in the rage
of 0.30 s/km to 0.35 s/km, which is 46% of the total num-
ber of volcanic eruptions. This slowness range includes
0.34 s/km, which is the result of the analysis, as shown in
Fig. 10. The distributions of the back-azimuth frequency
and slowness frequency vary with a peak, as shown in
Figs. 11(a) and (b), respectively. However, one can con-
sider that these variations can be attributed to the array
response. As a result, the source locations of the earth-
quakes associated with the volcanic eruptions were con-
sidered stable and did not change significantly from one
volcanic eruption to another. The slowness of 0.34 s/km
of the initial P-wave motion, as shown in Fig. 10, is almost
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Fig. 10. Results of array analysis of earthquakes associated with volcanic eruption. Waveforms from three seismometers (2–3 Hz
bandpass filter), semblance, slowness, back azimuth, and semblance-slowness map are shown from top to bottom. The horizontal
dashed line on the back-azimuth diagram shows the direction of Minamidake Crater (N123°E) from the array. The color of the
semblance-slowness map indicates values from 0.0 to 1.0 in increments of 0.1, with the red color showing 0.9 to 1.0 and purple
color showing 0.0 to 0.1. The red arrow points in the direction of Minamidake Crater.

equal to the slowness of 0.37 s/km obtained from the ap-
parent P-wave velocity of 2.7 km/s of the earthquake as-
sociated with the Minamidake eruption on September 4,
1999 [15]. Assuming the 1D (one-dimensional) veloc-
ity structure assumed in the seismic reflection survey [16]
and the epicenter to be Minamidake Crater, we can ex-
plain the slowness of 0.34 s/km at a source depth of

1.6 km below sea level. This depth is almost the same as
that estimated from the moment tensor analysis of earth-
quakes associated with volcanic eruptions in Minamidake
Crater, 1.8 km to 2.2 km [15]. Therefore, it is demon-
strated that the optical interferometry system produced
data useful for the analysis of earthquakes associated with
volcanic eruptions, although the number of sensor parts
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Fig. 11. (a) Rose diagram in 5° increments. The direction
of the most frequent value of back azimuth is in the range
of 135° to 140°, and the frequency in this direction is 75.
(b) The frequency of slowness is displayed in increments of
0.05 s/km. The maximum frequency of slowness is in the
range of 0.3 s/km to 0.35 s/km, and the frequency in this
range is 89.

(seismometers) of the system was as small as three. The
optical interferometry system successfully realized a seis-
mic array using even a single couple of optical fibers with
three sensors. This suggests that the system has the poten-
tial to support larger-scale arrays with more nodes using
even a single couple of optical fibers in volcanoes, as well
as other geologic sites.

6. Waveforms and Spectra During Which
Lightning Occurs

We investigated the performance of lightning resistance
in seismic observations using an optical interferometry
sensor system deployed in Sakurajima for six months
starting in June 2019. First, a survey of lightning occur-
rences during the observation period was conducted, with
the HAR as the center point and an area of 50 km × 50 km
extending in the north-south and east-west directions as
the survey area. The distance to electrical equipment af-
fected by lightning surges was approximately 2 km [17].
In this case, it was difficult to locate the falling positions
of the lightning within a distance of 2 km; therefore, the
search area was much wider than the distance for investi-

Nov. 24 11-12AM
N = 317

(a)

(b)

Fig. 12. Lightning activity around Sakurajima. (a) Fre-
quency of lightning strikes per hour. (b) Distance from HAR
to the lightning strike point.

gating the lightning occurrence. The presence/absence of
lightning storms, number of lightning storms, and shortest
distance from the center point for each time period during
the survey period are shown in Fig. 12. The rainy sea-
son of 2019 began on May 31 and ended on July 24 in
southern Kyushu, where Sakurajima is located. The num-
ber of lightning strikes was high in June and July during
the rainy season (Fig. 12(a)). Outside the rainy season,
the number of lightning strikes was high in late August
and on November 24. In particular, on November 24,
317 lightning strikes occurred between 11:00 and 12:00,
and the shortest distance was 4.0 km (Fig. 12(b)). The
seismic waveform recorded during this period is shown
in Fig. 13. During this period, volcanic eruptions, vol-
cano tectonic earthquakes, and tectonic earthquakes did
not occur. On the other hand, low-frequency earthquakes
and volcanic tremors occurred and were observed by both
the optical interferometry sensor system and accelerome-
ter JU210, as shown by the hatches in Fig. 13. By com-
paring the waveforms of the optical interferometry sen-
sor system, Opt. A, and accelerometer JU210 installed in
the same location, a pulse-like wave with a short duration
(red reversed triangles and inset in Fig. 13) can be seen in
the seismic record of JU210, although it cannot be seen
in the seismic record of the optical interferometry sensor
system. This is thought to be due to electrical noise (light-
ning surges) from lightning strikes.

The running spectrum was calculated to evaluate the ef-
fect of lightning surge on earthquake observations in more
detail. For the period 11:00–12:00 on November 24, as
shown in Fig. 14(a), the power spectrum densities of the
acceleration in the vertical motion component record of
the optical interferometry sensor system, Opt. A, and the
accelerometer JU210 installed at the same location are
shown in Fig. 14(b). We can see that there is power in
the broad frequency band for JU210 at eight times that
correspond to the arrival times of the pulsed waves (ar-
rows in Fig. 14(b)). However, the power in the broad fre-
quency band at these times that JU210 could recognize is
not found in the spectrum of Opt. A. As mentioned above,
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Fig. 13. Seismic waveform records of the UD component of Opt. A (top) and JU210 (bottom) at the time of most frequent lightning
strikes (11:30–12:00 on November 24, 2019). The hatching shows times when a volcanic tremor or a low-frequency earthquake
occurred. The red reversed triangles show the time when the lightning was supposed to have affected the data recorded for JU210.
The inset shows the 2-second waveforms of Opt. A (top) and JU210 (bottom) during the time when pulsed noise is mixed in JU210.
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Fig. 14. Running spectrum at the time of most frequent lightning strikes (11:00–12:00 on November 24, 2019). The power spectrum
density of the acceleration of the vertical motion component is shown in the color scale. (a) Optical interferometry sensor system
Opt. A. (b) Accelerometer JU210.

JU210 had a pulse-like noise waveform at the correspond-
ing times, and the spectrum had broadband power. In the
running spectrum of JU210, the power was continuously
observed at approximately 40 Hz, whereas it was not ob-
served in the running spectrum of Opt. A. The power near
40 Hz is almost proportional to the power in the other
frequency bands. Therefore, the presence or absence of
power near 40 Hz is considered to reflect the difference in
the noise level in frequency in the data recorded from the
seismometers of Opt. A, and JU210 [18]. It was shown
above that the optical interferometry sensor system and
the existing accelerometers can observe low-frequency
earthquakes and volcanic tremors, and are not affected by
the noise caused by the lightning surge, except for the dif-
ference in frequencies at 40 Hz.

To evaluate in further detail the effect of the lightning
surge of the optical interferometry system, we calculated

the root-mean-square (RMS) amplitudes in the time win-
dow of 0.1 s of the pulse-like waves of the vertical com-
ponent of JU210 and the RMS amplitudes of the verti-
cal component of Opt. A in the same time window as for
JU210. Fig. 15(a) shows a histogram of the RMS am-
plitude for Opt. A and JU210 of the 44 pulse-like waves.
While the RMS amplitudes of JU210 are distributed in the
range from 0.03 gal to 0.2 gal, the amplitudes of Opt. A
are distributed in the range from 0 gal to 0.3 gal. The ra-
tio of the RMS amplitudes for Opt. A to those for JU210
is less than 0.2 (Fig. 15(b)), demonstrating that Opt. A
shows a much smaller effect from the lightning surge in
the records. Therefore, it can be considered that the op-
tical interferometry sensor system is an effective seismic
observation tool in fields affected by lightning, such as
volcano zones.
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(a) (b)

Fig. 15. (a) Histograms of the root-mean-square (RMS)
amplitudes of the pulse-like waves of the vertical component
of JU210 and the RMS amplitudes of the vertical component
of Opt. A in the same time window. (b) Histogram of the
RMS amplitude ratio of Opt. A to JU210.

7. Summary

Continuous seismic observations for approximately six
months from June to December 2019 were carried out us-
ing an optical interferometry sensor system, including the
period of lightning strikes at Sakurajima Volcano, which
has the highest volcanic eruption rate in Japan. The ob-
servations were stopped for a few days due to power fail-
ure, but otherwise continuous operation was successfully
carried out. During the observation period, 260 volcanic
eruptions were observed. The observation performance of
the optical interferometry sensor system was evaluated for
earthquakes associated with volcanic eruptions by spec-
tral analysis and array analysis, and it was confirmed that
the performance was sufficient for the analysis of these
earthquakes. By comparing the waveforms and spectra of
the optical interferometry sensor system with those of an
accelerometer during lightning strikes, it was shown that
pulse-like noise caused by lightning surges was observed
in the accelerometer, but not in the optical interferome-
try sensor system. This indicates that the optical interfer-
ometry sensor system can perform seismic observations
without being affected by lightning strikes. Although the
optical interferometry sensor system has some observa-
tional limitations because it requires a commercial power
source, it is possible to carry out seismic observations
flexibly by laying seismometers and optical fibers; thus,
a seismic observation network can be deployed near the
top of the volcanoes. In addition, it exhibits sufficient per-
formance and lightning resistance to reliably observe vol-
canic seismic events; therefore, it is an effective method
for monitoring volcanic activity.
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